Intercellular communication is essential for differentiation and development. In plants, plasmodesmata (PD) form cytoplasmic channels for direct communication. During plant development, programmed reduction in PD number and transport capacity creates the so-called symplasmic domains. Small fluorescent dyes and ions can diffuse among cells within a domain but not across domain boundaries. Such symplasmic isolation is thought to allow groups of cells to differentiate and develop into tissues with distinct structures and functions. Whether or how "symplasmically isolated" cells communicate with one another is poorly understood. One well-documented symplasmic domain is the sieve element-companion cell (SE-CC) complex in the phloem tissue. We report here that, when produced in the CC of transgenic tobacco, the 3a movement protein (3a MP) of Cucumber mosaic virus fused to green fluorescent protein (GFP) can traffic out of the SE-CC complex via PD. The extent of 3a MP:GFP traffic across the boundary between vascular and nonvascular tissues depends on organ type and developmental stage. Our findings provide experimental evidence that endogenous machinery exists for protein traffic between the symplasmically isolated SE-CC complex and neighboring cells. We suggest that PD-mediated traffic of selected macromolecules can be a mechanism for symplasmically isolated cells to communicate with one another. . Article, publication date, and citation information can be found at www.plantcell.org/cgi/
INTRODUCTION
Plasmodesmata (PD) are cytoplasmic channels for direct communication between plant cells. In a young embryo, all cells are connected by PD, as demonstrated by structural (Schulz and Jensen, 1968; Mansfield and Briarty, 1991) and dye-coupling (McLean et al., 1997) studies. During organogenesis, cells differentiate to form specialized tissues with distinct functions. Significantly, plasmodesmal connections undergo dramatic changes in structure and function, resulting in the formation of symplasmic domains (Erwee and Goodwin, 1983; Van der Schoot and Van Bel, 1990) .
Changes in symplasmic connectivity, as monitored by dye coupling, are correlated closely with specific developmental and cellular processes. Examples include symplasmic isolation of inflorescence meristems or young primordia before flowering initiation and release of this isolation later in development in Arabidopsis (Gisel et al., 1999) , isolation of cotton fibers during rapid elongation and subsequent release of isolation (Ruan et al., 2001) , and synchronization of mitosis between symplasmically connected cultured cells (Ehlers and Kollmann, 2000) .
Symplasmic isolation may allow groups of cells to pursue distinct developmental pathways (Lucas et al., 1993; McLean et al., 1997; Ding et al., 1999; Zambryski and Crawford, 2000; Pfluger and Zambryski, 2001) . On the other hand, coordinated differentiation of cells is essential for the formation of a functional plant body. How symplasmically isolated cells communicate with their neighbors is virtually unknown. One possibility is by signaling across the cell walls mediated by secreted ligands and extracellular receptors (Clark, 2001) . Another possibility is by regulated symplasmic traffic of selective molecules via PD.
An important symplasmic domain is the sieve elementcompanion cell (SE-CC) complex in the phloem tissue. Phloem transport mediated by the SE-CC complex is essential to many plant functions, including photoassimilate partitioning, flower development, and defense signaling, and to viral movement (Bernier et al., 1993; Carrington et al., 1996; Ding, 1998; Nelson and Van Bel, 1998 ; Thompson and Schulz, 1999; Crawford and Zambryski, 2000; Oparka and Santa Cruz, 2000; Ruiz-Medrano et al., 2001) . Entering and exiting the SE-CC complex are two control points for longdistance transport of a cargo that is originated in and/or destined for other cell types. During leaf maturation in many plant species, PD frequencies between the SE-CC complex and neighboring cells in minor veins decrease dramatically (Gamalei, 1989; Grusak et al., 1996; Turgeon et al., 2001) .
The few PD connecting the SE-CC complex to neighboring cells appear to be nonfunctional for photoassimilate transport. As a result, photoassimilate derived from the mesophyll moves via PD to phloem parenchyma and is taken up subsequently by the SE-CC complex apoplastically via membranelocalized sugar transporters (Von Schaewen et al., 1990; Bush, 1993; Sauer et al., 1994; Grusak et al., 1996) . Dye-and electrical-coupling experiments have demonstrated directly the symplasmic isolation of the SE-CC complex from surrounding cells in the transport phloem of stems, petioles, hypocotyls, and roots in many species Van Bel, 1989, 1990; Van Bel and Kempers, 1991; Oparka et al., 1994; Van Bel and Van Rijen, 1994; Wright and Oparka, 1997; Knoblauch and Van Bel, 1998) . Such isolation may result from the closure of PD via an energy-dependent mechanism (Wright and Oparka, 1997) and is essential to maintain the high turgor pressure in the SE-CC complex to drive long-distance transport (Oparka and Turgeon, 1999) .
Symplasmic isolation of the SE-CC complex raises questions regarding how this complex communicates with neighboring cells, how various transport cargos enter and exit this complex, and why a plant keeps PD at the interface between this complex and surrounding cells if PD are not functional for transport. Keeping these PD closed constantly by consumption of energy certainly is not economical for a plant (Oparka and Turgeon, 1999) . Therefore, the presence of PD at this interface, albeit at low frequency in many plant species, may serve certain functions that are indispensable for a plant.
Despite the symplasmic isolation of the SE-CC complex, plant viruses can enter and exit this complex to spread systemically (Carrington et al., 1996; Gilbertson and Lucas, 1996; Ghoshroy et al., 1997; Nelson and Van Bel, 1998) . Intercellular viral movement is facilitated by the viral movement protein (MP) and other viral proteins as well, depending on the viruses. This fact suggests that these viral proteins traffic across the boundary between the SE-CC complex and the surrounding cells (Oparka and Turgeon, 1999; Oparka and Santa Cruz, 2000) . However, experimental evidence for such traffic is not available.
In this study, we generated transgenic tobacco expressing the 3a MP of Cucumber mosaic virus (CMV) fused to green fluorescent protein (GFP) under the control of the CC-specific promoter of Commelina yellow mottle virus (CoYMV) (Matsuda et al., 2002) . We found that, in the absence of viral replication, the fusion protein trafficked from CC to SE and further from the "symplasmically isolated" SE-CC complex into neighboring cells. This traffic is mediated specifically by 3a MP and occurs via PD. Further traffic of the fusion protein into nonvascular tissues is regulated by factors associated with organ type and developmental stage. Our data provide experimental evidence that selective proteins can traffic between symplasmically isolated cells. We present our findings and discuss their biological implications.
RESULTS

The SE-CC Complex in Tobacco Stem and Mature Leaves Is Isolated Symplasmically
To confirm that the SE-CC complex is isolated symplasmically in mature organs of tobacco, we performed dye-coupling studies using the membrane-impermeable and phloemmobile fluorescent tracer fluorescein (334 D). The dye was loaded into the phloem stream of a photosynthetically mature (source) leaf. Confocal microscopy revealed confinement of the dye in the SE-CC complex in stems ( Figure 1A ) and source leaves (data not shown). However, the dye was unloaded into surrounding cells in immature, photoassimilate-sink leaves, as expected (data not shown).
3a MP:GFP Trafficked out of the Symplasmically Isolated SE-CC Complex in Transgenic Tobacco
To determine whether a protein could traffic from the symplasmically isolated SE-CC complex into surrounding cells, we used the CoYMV promoter to drive the expression of the 3a MP:GFP fusion in CCs of transgenic tobacco. This promoter is active in CCs of all organs of different stages, as shown using ␤ -glucuronidase (GUS) as a reporter (Matsuda et al., 2002) ( Figure 1B ). We obtained three lines of transgenic plants that expressed 3a MP:GFP under the control of the CoYMV promoter. The presence of 3a MP:GFP fluorescence as punctate dots in the cell walls allowed us to trace the movement of the fusion protein (Itaya et al., 1997 (Itaya et al., , 1998 .
In all transgenic lines, confocal microscopy detected 3a MP:GFP in the phloem as well as in the xylem parenchyma regardless of organ type and developmental stage examined ( Figures 1C and 2) . The traffic of the protein within the vascular tissue became more extensive as a given organ matured, as indicated by the presence of the protein in more cells (Figures 2A and 2B ). The protein also was detected in nonvascular cells, such as pith in the stem (Figures 1D and 1F) . However, the presence of 3a MP:GFP in nonvascular tissues appeared to be influenced by organ type and plant development, as will be discussed below.
The results described above strongly suggested that 3a MP:GFP traffics out of the SE-CC complex. However, it was possible that 3a MP:GFP was translated outside of CCs if the CoYMV promoter had leaky activity and/or if 3a MP : GFP mRNAs trafficked out of CCs. We performed the following series of experiments to resolve this issue.
Dimeric GFP Was Confined in CCs
We generated transgenic tobacco expressing dimeric GFP (GFP:GFP fusion; 54 kD) under the control of the CoYMV promoter. Confocal microscopic analysis showed that in the transgenic plant, the dimeric GFP stayed in CCs in mature stems (Figures 1G and 1H) . Data indicate that CoYMV promoter activity is in fact CC specific and suggest strongly that the presence of 3a MP:GFP (57 kD) in cells other than CCs was attributable to traffic. These data also suggest that the traffic of 3a MP:GFP out of CCs is a regulated process mediated by 3a MP and does not occur by diffusion.
3a MP : GFP mRNA Was Localized in CCs
To determine whether 3a MP : GFP mRNA would be present outside of CCs, we performed in situ hybridization using antisense 3a MP or antisense GFP RNA probes. As shown in Figures 3A and 3B, 3a MP : GFP mRNA was localized exclusively in CCs of CoYMV:3a MP:GFP transgenic tobacco. In situ hybridization of nontransgenic tobacco did not produce any hybridization signals (Figures 3C and 3D) . Data confirmed the CC-specific expression of the 3a MP : GFP fusion gene and suggested that 3a MP:GFP did not potentiate the traffic of its mRNA. Therefore, the presence of 3a MP:GFP outside of CCs must be caused by the traffic of the protein. The inability of the 3a MP:GFP fusion protein to traffic its mRNA is consistent with the observation that 3a MP:GFP does not potentiate the cell-to-cell movement of viral RNA (Canto et al., 1997) .
3a MP:GFP Trafficked from a Transgenic Rootstock to a Nontransgenic Scion
To further verify the ability of 3a MP:GFP to traffic out of the symplasmically isolated SE-CC complex, we generated graft unions between CoYMV:3a MP:GFP transgenic stocks and nontransgenic scions ( Figure 3E ). Two weeks after grafting, we examined transverse and longitudinal sections of the scion stems for the presence of 3a MP:GFP. As shown in Figure 3F , the fusion protein was detected in the phloem of scion stems up to 6 cm above the grafting interface. This finding indicates that 3a MP:GFP produced in All micrographs are confocal images of transverse sections. Bright-field images were taken in grayscale and pseudocolored in red. The presence of 3a MP:GFP as punctate dots in cell walls is indicated by arrowheads. See Figure 4 for vein classifications. The autofluorescence of xylem (X) cell walls appears green by confocal microscopy. CCs entered SEs in the stocks and then translocated into nontransgenic scions through SEs. Importantly, the fusion protein was detected in phloem as well as pith cells of the scion ( Figure 3F ). Because there was no CoYMV promoter activity in the scion, this result provided the most compelling evidence that 3a MP:GFP can traffic from the symplasmically isolated SE-CC complex into neighboring cells.
Traffic of 3a MP:GFP into Nonvascular Cells Was Regulated by Organ Type and Plant Developmental Stage
3a MP:GFP trafficked from the SE-CC complex to other parenchymatous vascular cells (i.e., phloem parenchyma and xylem parenchyma) regardless of vein type, organ type, or developmental stage examined, as described above (Figures 1C to 1F and 2) . However, further traffic of 3a MP:GFP beyond the vascular tissue depended on the type and developmental stage of an organ (Figure 4 ). In all classes of veins in both sink and source leaves (see Figure 4 for vein classification) and in young petioles and stems (which are associated with sink leaves), the traffic of 3a MP:GFP into nonvascular tissues was limited if not restricted. In these organs, the fusion protein trafficked a distance of zero to two cells (average was less than one cell) away from the vascular bundle (Table 1) .
These nonvascular cells included cortex in class I (Figures  2A and 2B ) and class II ( Figure 2C ) veins and bundle sheath cells in class III ( Figure 2D ) and minor ( Figure 2E ) veins. Interestingly, this limitation of 3a MP:GFP trafficking into nonvascular tissues was released in petioles (Figures 2F and 4) and stems (Figures 1C to 1F and 4) as they matured. In petioles of mature source leaves, the fusion protein trafficked an average distance of 3.5 cells from the vascular bundle (Table 1) . In mature stems, 3a MP:GFP trafficked into all pith cells ( Figure 1D ). It should be noted that the center of pith is ‫ف‬ 50 cells away from the vascular bundles (Table 1) .
3a MP:GFP Was Localized to PD between CC and Neighboring Cells
3a MP:GFP accumulated as punctate dots in the cell walls ( Figures 1C to 1F and 2 ), suggesting targeting of the fusion protein to PD. To determine whether 3a MP:GFP was in fact localized to PD, especially to those at the boundary between the SE-CC complex and its neighbors, we performed immunolabeling experiments. Using a polyclonal antibody against 3a MP and a gold-conjugated secondary antibody (Itaya et al., 1998) , we localized the fusion protein to PD between various cells: SE and CC, CC and phloem parenchyma cells, CC and bundle sheath, xylem parenchyma cells, and pith cells ( Figure 5 ). The data suggest strongly that the fusion protein trafficked symplasmically through PD from CCs into other cells.
DISCUSSION
Endogenous Mechanisms Exist for Selective Protein Traffic out of the Symplasmically Isolated SE-CC Complex
We have presented evidence from several lines of studies that CMV 3a MP mediates the traffic of a fusion protein out of the SE-CC complex via PD in transgenic tobacco. First, dimeric GFP transgenically produced in CCs remained in such cells. Second, in situ hybridization localized 3a MP : GFP mRNA only in CCs. Third, in the scion that imported the 3a MP:GFP from the transgenic rootstock, the fusion protein trafficked out of the SE-CC complex. Fourth, immunoelectron microscopy localized 3a MP:GFP directly in PD between CCs and neighboring cells.
The traffic of 3a MP:GFP out of the SE-CC complex is in sharp contrast to the restriction of small molecules such as fluorescein in this complex ( Figure 1A) . The traffic of 3a MP:GFP also contradicts the restriction of some well-characterized plant proteins within the SE-CC complex. These include RTM1 and RTM2 (Chisholm et al., 2001) , the phloem proteins PP1 and PP2 (Dannenhoffer et al., 1997; Golecki et al., 1999) , the Suc transporter SUT1 (Kühn et al., 1997) , thioredoxin h (Ishiwatari et al., 1998) , and CmPP16 (Xoconostle-Cázares et al., 1999) .
Interestingly, some of these phloem proteins that are limited naturally to the SE-CC complex can traffic between cells in nonphloem tissues such as the mesophyll after microin-jection (Balachandran et al., 1997; Ishiwatari et al., 1998; Lucas, 1999) . Therefore, it appears that PD that connect the SE-CC complex to surrounding cells can prevent the diffusion and/or traffic of small molecules and some proteins and yet allow the traffic of selective proteins out of the complex. How PD prevent the diffusion of small molecules and yet allow the traffic of proteins is a significant issue to be resolved in future studies. Because GUS and dimeric GFP remain in the CC, the traffic of 3a MP:GFP out of the SE-CC complex must be mediated by a motif(s) that resides in 3a MP. (A) Idealized transverse view of a tobacco leaf. A phloem bundle is enlarged at left, highlighting 3a MP:GFP traffic from CC into SE and phloem parenchyma (PP). Traffic of the fusion protein from phloem to xylem parenchyma occurs in all veins. However, traffic into nonvascular tissues is limited in all veins. Roman numerals denote classes of veins (Ding et al., 1988) . Class I veins include the midrib and proximal ends of secondary branches. Class II consists mostly of secondary branches. Class III veins include the tertiary branches and terminal ends of secondary branches. Class IV and V veins (minor veins) are subsequent branches from class III veins. (B) Idealized transverse views of tobacco petioles and stems. The traffic of the fusion protein from phloem to xylem parenchyma is not influenced by the developmental stage of these organs. Traffic of 3a MP:GFP into nonvascular tissues is limited in young petioles and stems (top two details) but is extensive in mature petioles and stems (bottom two details). Our data suggest that protein traffic can be a mechanism for symplasmically isolated cells to communicate with one another. This protein-based communication may play a significant role in the coordination of developmental processes. For example, in the case of signaling during flower development in Arabidopsis, it has been postulated that flowering factors have already been transported into the apical meristems before symplasmic isolation or that such factors are produced locally, based on the assumption that symplasmic isolation terminates all transport through the PD (Gisel et al., 1999) . In light of the results presented here, it will be interesting to determine whether specific signaling molecules can be transported symplasmically via an active mechanism into the "isolated" apical meristem.
Molecular Recognition Is a Mechanism for Selective Protein Traffic from CC to SE
The transport of some proteins from CC to SE is essential to maintain the longevity of enucleate SE (Raven, 1991) and perhaps also to regulate developmental and physiological processes (Mezitt and Lucas, 1996) . However, the mechanisms of traffic between these two cell types are not well understood. Because of the large size exclusion limit of PD between CC and SE, as shown by the movement of 10-kD dex-tran (Kempers and Van Bel, 1997) and 27-kD GFP , it has been speculated that proteins diffuse from CC to SE largely by default (Santa Oparka and Santa Cruz, 2000; Zambryski and Crawford, 2000) . To prevent unwanted loss of certain molecules from CC, these molecules may be anchored to cytoplasmic structures Crawford and Zambryski, 2000; Oparka and Santa Cruz, 2000) . In addition, lost molecules may be reclaimed by CC (Turgeon, 2000) .
Larger proteins are suggested to be trafficked selectively from CC to SE (Fisher and Cash-Clark, 2000; Oparka and Santa Cruz, 2000; Wu et al., 2002) , with mechanisms of selectivity that are unknown. In this study, we showed that dimeric GFP was confined in CC, but 3a MP:GFP trafficked from CC to SE. Because GFP diffuses out of CC , the confinement of dimeric GFP in CC is unlikely to be the result of active retention in the cytoplasm; rather, it is caused by the absence of a traffic motif(s) in GFP. On the other hand, 3a MP must have a motif(s) to mediate the traffic of the 3a MP:GFP fusion from CC to SE.
Therefore, our data provide experimental evidence for the selective traffic of a protein from CC to SE, presumably mediated by molecular recognition. Such selective protein traffic may account for the presence of proteins of 60 to 200 kD in the phloem exudate of many plant species (Balachandran et al., 1997; Hayashi et al., 2000) . In some cases, a protein may be anchored to membranes and cleavage of the protein may precede active traffic from CC to SE (Xoconostle-Cázares et al., 2000) .
Developmental Factors Control the Traffic of a Protein from Vascular Tissue into Neighboring Tissues
3a MP:GFP traffics from CCs into vascular cells regardless of organ type and developmental stage examined. In particular, the fusion protein can be detected in the xylem parenchyma as far as 200 m from the CCs in all organs examined (Figures 1 and 2, Table 1 ). In contrast, traffic of the fusion protein into nonvascular tissues, such as bundle sheath and cortex, is limited in leaves, young stems, and petioles ( Figure 4 , Table 1 ). The rare presence of 3a MP:GFP in nonvascular tissues is unlikely to be the result of the rapid turnover of 3a MP:GFP or the inability of the protein to target to PD, because 3a MP:GFP is localized to PD in nonvascular tissues in 35S:3a MP:GFP transgenic tobacco (Itaya et al., 1998) . Therefore, we interpret our data as an indication of the polar traffic of 3a MP:GFP mediated by specific molecular interactions. Interestingly, the transcription factor DEFICIENS also traffics unidirectionally in the floral apex of snapdragon (Perbal et al., 1996) .
The restriction of 3a MP:GFP traffic into nonvascular cells is released in mature stems and in petioles of mature leaves. Most notably, the fusion protein traffics into all pith cells over a distance of 5000 m in mature stems. Therefore, the traffic of a protein out of the vascular tissue is controlled by factors associated with specific cellular boundaries and de- velopmental stages of the organ. The developmental regulation of 3a MP:GFP traffic also was observed in tobacco leaf epidermis (Itaya et al., 1998) . Specifically, 3a MP:GFP targeted to and trafficked through PD in the epidermis of source leaves but not in the epidermis of sink leaves.
Similar developmental regulation was reported for PD targeting of Tobacco mosaic virus (TMV) MP:GFP in tobacco (Roberts et al., 2001) . However, Crawford and Zambryski (2001) reported that the traffic of TMV MP:GFP was not correlated to leaf developmental stage. The reason for the inconsistent reports regarding TMV MP:GFP is unclear. The maize transcription factor KN1, when produced ectopically as a GFP fusion protein in the vascular tissue of Arabidopsis, also can traffic into surrounding cells (Kim et al., 2002) . The specific vascular cell type in which the fusion protein was produced is unknown. Whether the traffic is regulated developmentally remains to be investigated.
Selective Protein Traffic out of Vascular Tissue May Be Important for Plant Function
Although numerous proteins have been identified in the phloem sap, their biological functions remain speculative (Mezitt and Lucas, 1996; Crawford and Zambryski, 1999; Thompson and Schulz, 1999; Oparka and Santa Cruz, 2000) . One important question is whether some proteins traffic out of the SE-CC complex to perform certain functions. The traffic of 3a MP:GFP out of the SE-CC complex suggests the existence of mechanisms for the traffic of endogenous proteins. Identification of such plant proteins should provide new opportunities to study the regulation of plant developmental and physiological processes.
A recent study provides elegant evidence that the wellregulated traffic of a transcription factor from the vascular tissue into neighboring cells can control cell differentiation. The Arabidopsis protein SHORT-ROOT is produced in the stele and traffics into one layer of adjacent cells to confer positional information for endodermis formation in the root (Nakajima et al., 2001) . Perhaps the traffic of specific proteins is responsible for the regulation of photosynthetic cell development by vascular tissue (Langdale et al., 1988) and for the control of carbon partitioning .
Traffic of an MP into and out of the Symplasmically Isolated SE-CC Complex May Be Key for Viral Systemic Infection
Despite the symplasmic isolation of the SE-CC complex in mature stems and leaves, some viruses, such as TMV (Cheng et al., 2000) and CMV (Dufour et al., 1989; Andrianifahanana et al., 1997; Guerini and Murphy, 1999) , can establish systemic infection in susceptible plant species by entering and exiting this complex. The ability of a viral MP or other viral proteins to traffic between the symplasmically isolated SE-CC complex and surrounding cells has been suggested to be an important factor for viral systemic movement (Oparka and Turgeon, 1999) . Our results support this hypothesis. Blackman et al. (1998) demonstrated that 3a MP enters SE from CC through PD during CMV infection, suggesting an important role of the MP in the viral entry into SE. How the virus exits the SE-CC complex remains unknown. The traffic of 3a MP:GFP between SE and CC and then out of the SE-CC complex into surrounding tissues suggests that 3a MP also is involved in viral exit out of the SE-CC complex. Some viruses are restricted to the phloem (Sanger et al., 1994; Wang et al., 1996; Ghoshroy et al., 1998) , whereas others cannot enter the phloem Wang et al., 1998) . It will be revealing to test MPs from these viruses for their ability to traffic through PD at the boundary between the SE-CC complex and neighboring cells.
The limited traffic of 3a MP:GFP out of the vascular tissue in leaves or young tissues raises the question of how CMV moves beyond the vascular tissue during systemic infection. It is known that other CMV proteins, such as coat protein (Suzuki et al., 1991; Canto et al., 1997; Kaplan et al., 1998; Schmitz and Rao, 1998; Nagano et al., 2001) , replicase (Gal-On et al., 1994) , and 2b protein (Ding et al., 1995) , are involved in CMV movement. In particular, 2b protein is required for systemic movement in tobacco and many other species (Ding et al., 1995) . A future challenge is to elucidate how these proteins function in concert with 3a MP to facilitate CMV systemic movement.
Conclusion
In summary, we have obtained experimental evidence that a viral MP, in the absence of viral replication, can traffic out of the SE-CC complex that is isolated symplasmically for the transport of small molecules. Therefore, deduced transport functions of PD based on dye coupling (Lucas et al., 1993; Pfluger and Zambryski, 2001) and PD frequencies (Gamalei, 1989; Botha and Van Bel, 1992) need to be reevaluated using biologically relevant molecules. Our study also reveals regulatory points for protein traffic at intercellular (between CC and SE) and tissue (between vascular and nonvascular tissues) levels. These regulations are influenced by organ type and developmental stage. We suggest that regulated macromolecular traffic is one of the means of communication between symplasmic domains to coordinate plant development, plant physiology, and interactions with pathogens.
METHODS
Plant Growth
Tobacco ( Nicotiana tabacum ) plants were grown at 23 Ϯ 3 Њ C under 40-W cool-white fluorescent lights kept on a daily 16-h-light/8-h-dark cycle in growth chambers.
Dye-Coupling Experiment
Fluorescein (334 D; Sigma, St. Louis, MO) was loaded into the phloem of fully expanded tobacco leaves. Fluorescein at a concentration of 1% in 0.1 M potassium-sodium phosphate buffer, pH 5.3, was applied to the gently abraded surface of a fully expanded leaf, which was then covered with plastic wrap. After 3 to 12 h, free-hand sections of the upper stems were examined for the presence of fluorescein using a PCM-2000 confocal laser scanning microscope equipped with argon and green HeNe lasers (Nikon, Tokyo, Japan).
Binary Vector Construction
To construct the dimeric green fluorescent protein (GFP) gene, the monomeric GFP gene without a stop codon was amplified by PCR from pEGFP-1 (Clontech, Palo Alto, CA) using primers designed to incorporate the NcoI restriction site at the 5Ј end and the SacI site at the 3Ј end. The amplified fragment was cloned at the NcoI and SacI sites of vector pRTL2 Restrepo et al., 1990) . Similarly, another monomeric GFP gene with a stop codon was amplified by PCR to incorporate the SacI site at the 5Ј end and the BamHI site at the 3Ј end and was cloned at the SacI and BamHI sites downstream of the first GFP gene.
The fusion DNA fragments Tobacco etch virus leader sequence:3a MP:GFP (Itaya et al., 1997) and the dimeric GFP in plasmid pRTL2 were excised by double digestion with EcoRI and BamHI or NcoI and BamHI, respectively. The isolated DNA fragments were cloned by conventional blunt-end ligation at the SmaI site of binary vector pGPTV-Kan containing the promoter of Commelina yellow mottle virus (CoYMV) (from Neil Olszewski, University of Minnesota, St. Paul). Each plasmid was used to transform Agrobacterium tumefaciens (LBA4404), as described previously (Itaya et al., 1998) .
Tobacco Transformation
A standard Agrobacterium-mediated leaf disc transformation method (Horsch et al., 1985) was used to generate transgenic tobacco plants. Expression of the 3a movement protein (3a MP):GFP or dimeric GFP in the phloem was confirmed by examining the plants with a Nikon E600 fluorescence microscope with a filter set consisting of a blue excitation filter (420 to 490 nm), a dichroic mirror (510 nm), and a green barrier filter (520 to 560 nm). Plants of subsequent generations were subjected to detailed analysis. Free-hand sections of various organs were examined for 3a MP:GFP or dimeric GFP localization using the PCM-2000 confocal microscope.
Grafting Experiments
Nontransgenic tobacco plants were grafted onto rootstocks (with six or seven source leaves) of CoYMV:3a MP:GFP transgenic tobacco plants. Two weeks after grafting, sections from nontransgenic scions were examined for the presence and localization of 3a MP:GFP using the PCM-2000 confocal microscope.
In Situ Hybridization 3a MP and GFP genes were cloned at the EcoRI and BamHI sites in the pGEM-4Z cloning vector (Promega, Madison, WI). Plasmids linear-ized with EcoRI were used as templates for in vitro transcription using digoxigenin-UTP and T7 polymerase to produce digoxigenin-labeled antisense RNA probe, as described by Zhu et al. (2001) . To obtain cryosections for in situ hybridization, 2 ϫ 2-mm segments of transgenic leaves and stems were fixed in a mixture of 3.7% paraformaldehyde, 0.1% glutaraldehyde, 0.2% picric acid, 50 mM potassium phosphate, and 5 mM EGTA for 2 to 3 h. The fixed samples were infiltrated sequentially with embedding mixture (two parts 20% Suc and one part optimal cutting temperature compound [Ted Pella Inc., Redding, CA]):potassium phosphate:EGTA buffer at room temperature for 1 h.
Afterward, the samples were infiltrated with pure embedding mixture for 2 h at room temperature, embedded, and frozen at Ϫ20ЊC. The frozen samples were sectioned to 12 m thickness using a Microm HM500 cryostat (Microm International, Walldorf, Germany). Sections were collected onto microscope slides coated with 1% gelatin and 0.1% chromium alum. The slides with sections were incubated at 42ЊC for at least 3 h and then stored at 4ЊC. In situ hybridization was performed as described by Zhu et al. (2001) .
Immunocytochemistry and Electron Microscopy
Tissue sections were prepared and probed with a rabbit-derived polyclonal antibody (IgG) against 3a MP from Cucumber mosaic virus (CMV) and then with a goat-derived and 10-nm gold-conjugated anti-rabbit IgG antibody (Sigma) as described previously (Itaya et al., 1998) . All sections were examined with a CM-12 transmission electron microscope (Philips, Eindhoven, The Netherlands) operated at 80 kV.
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